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I. Introduction

In a recent survey, Parker and Kasemir (1980) address the need for reliable and inexpensive

airborne lightning warning and avoidance system. They survey a number of techniques currently

in use for lightning research and their potential suitability for aircraft systems. Among those

techniques considered for warning of distant stores were a nurber of sferics detectors. ISferic"

has been used to cover all aspects of lightning WF radiation, though its usage usual ly is

limited to the lower frequency (<10 -z) radiation. While this radiation is more energetic

than the higher frequency (IF and V-F) radiation, recent advances in our understanding of the

VF radiation fran lightning suggest that it might be feasible to use the VI-F radiation in the

developient of an airborne warning systen

The present study was undertaken to assess the feasibility of developing an airborne light-

ning warning system which detects the location of VIF radiation fron lightning. Initial ly a

prototype device was also to have been constructed, so the study focused on particular target

aircraft which were to be available for testing the prototype. When funding for the prototype

was cancel led, the study shifted to an examination of a generic system for any aircraft.

The phenaiuenological characteristics of V-F radiation from lightning provide definite advan-

tages for an airborne system These characteristics are examined in section II. First,

relevant results frm studies of the more famiIiar optical, acoustic and electrical emanations

from lightning are discussed. The unique characteristics of the VW-F radiation are then presen-

ted with arguments for their use with an airborne system Section II concludes with a

presentation of VtF lightning parameters which would be relevant to the design of an airborne

systen.

The other factors which must be considered for the feasibi I ity are presented in two catego-

ries. Section III considers factors associated with the propagation of the VHF lightning radia-

tion from its source to the aircraft. Such factors as signal strengths, dynamic range, interfer-

ence and reflections are considered. Section IV considers the technological aspects of a system

at the aircraft itself. The suitability for aircraft placement of existing ground techniques is

1 A'



examined for both azinmuth and range determinations. Each of these determinations presents tech-

nical problem which must be addressed for a system It is shown that nuch flexibility exists in

the choice of parameters for azinuth determination. The available possibilities for range deter-

mination are not as pramising.

The target performance for this study of an airborne systewas left open to our determina-

tion. W set a desired range of coverage at -150 im For a craft near the speed of sound this

translates to a time frame of roughly 10 minutes. Angular coverage Is discussed in the section

on aziuth determination. lthing was provided to indicate whether this system would be used in

friendly territory only with possible ground support or whether it would be intended for use

during caTbat. It was also not stated whether or not the systamnust be purely passive. In the

conclusion some of these issues will be addressed in light of what we believe can be done with an

airborne W lightning detector.

J%
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II. Phenomenological Considerations

A. General Considerations

Lightning has been defined as a transient, high-current electric discharge whose path length

is general ly measured in ki lomters (LhUn, 1969). The mst cammn occurrence of lightning, and

the only of interest for this report, is that associated with thunderstorms. Such lightning is

usually distinguished between that which takes place entirely within the cloud (intracloud or

cloud discharges) and that which cams in contact with the ground (cloud-to-ground or ground

discharges). This distinction is saiuwhat misleading in that all discharges have significant

activity within the cloud. Furthermore, nany discharges, especial ly those frommature and corplex

stortm, appear as hybrids or combinations of cloud and ground discharges.

Although the must frequently occurring form of lightning is that within the cloud, the

greater part of the lightning literature concerns the ground discharge, especial ly return

strokes. (An entire discharge is usually referred to as a flash, lasting about a half-second;

the highly Iuninous components of discharges from ground to cloud are referred to as strokes,

or return strokes, lasting on the order of milliseconds.) These distinctions are iportant

because the incloud processes are obviously of most inportance fram the standpoint of an air-

borne platforn Unfortunately much of the work on airborne system has also concentrated on

the return strokes (e.g. Rustan et al, 1983). Although they are connected in the overall

structure of the flash, the intent of this discussion on lightning phenomenology is to arphasize

what is known about what is happening in the cloud where an aircraft would be located as

opposed to the point where a discharge contacts the ground.

Significant advances have been made on the understanding of incloud processes within the

last few years. Unfortunately much work remains to be done before a caTplete picture will

emerge.

Optical and photographic techniques which were very successful in the determination of

processes occurring in ground discharges have been of little use in studying cloud discharges,

for obvious reasons. Wring a cloud discharge a continuous low lurinosity is seen with several
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relatively bright pulses of less than 1 ms duration superinposed. Any spatial structure can not

be determined due to scattering.

Other techniques which have been successful in determining Incloud processes are: acoustic

reconstruction of lightning channels; analysis of the radar returns fran lightning channels

within the cloud; model I ing of charge transfers from the analysis of charges in the electric

field at nunerous ground stations; and analysis of the V-F radiation from lightning to deter-

mine the location of sources and their rrvannt. With the exception of sane earlier electric

field studies, real progress using these techniques has occurred only within the last ten

years. All studies using these techniques have involved a small norber of flashes. Usually

little documentation has been available on the thunderstorm environment producing the flashes.

It is sti I I srneWiat premature to draw general conclusions about incloud lightning processes

and their connection to and range of variability with respect to the thunderstorm environment.

Nevertheless, the fol lowing results frm these techniques provide the phenomenological back-

ground franwhich the feasibility of an airborne platform is discussed.

1. Acoustic Reconstruction. Detailed analyses using the acoustic technique of Few (1970)

have been presented by Teer (1970) and MaGonrmn (1978). In this technique, the direction of

arrival of a thunder irrpulse at an array of microphones is determined by the propagation time

between microphones, measured to an accuracy of 1 ms using cross-correlation analysis. The

acoustic ray defined by this direction is then retraced through the atmosphere to its source.

Range to the source is determined frarn the propagation time between occurrence of the light-

ning, determined by an electric field change meter, and arrival of the thunder irrpulse at

the array. Source locations are coiputed fram all processes in a lightning flash that

produce thunder at the array. -vever, since acoustic propagation time is long canpared to

the duration of lightning, the acoustic analysis cannot separate the structure of individual

processes in a flash, but integrates the structure from al I processes.

The reconstructed lightning structure was shown to be predminantly horizontal, usually

much larger than any vertical extent. In addition the flashes for the 10-25 minute intervals of
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study tended to occur in one or tw layers at altitudes above the 00 isothenm In same

stors the horizontal extent of the flashes increased as the storm progressed frm a typical

10-15 In to greater than 20 krm The increase was attributed to the growth of new, electrical-

ly active cel Is near the previous activity. It should be noted that these studies were conduc-

ted in large, usual ly mature thunderstorms. The question of wh$ether all lightning from

all phases of a thunderstorm is predoninantly horizontal remains open,

2. Radar Cbservations. Radar studies of lightning have not been concerned so much with

locating lightning within the storm structure as with determining the actual properties of the

lightning channel. Mazur and Rust (1983) present sane data concerning lightning propagation

using VI+ and L band radars. They separate I ightning flashes frcm squal I line storms in Cklahana

into two categories: one with echoes having projected lengths onto a horizontal plane of <20 I

and another with lengths of >20 lm These lengths are determined frm the aximun extent of

radar return from the ionized channel along the radar beam direction. Their study shows that

the largest lightning density tends to be near the leading edge of the precipitation cores in

developing cells. As a cell in the squall line develops, the total lightning density increases.

Long discharges develop, but the shorter ones predominate. In contrast, as the cel I dissipates,

short flashes diminish or cease and the long flashes domiinate the activity. It must be

enphasized that these results were mainly frm a single Oklaham squal I I ine system,

3. Electric Field Change Studies. Modern observations of the lectric field change pro-

duced lightning (Krehblel, et al., 1979; Krehbiel, 1981) have contributed greatly to our under-

standing of incloud lightning processes. Measurenents are made of the electric field change at a

nurber of ground stations separated by a few ki 1 rneters each. These are then fit to a particular

model of charge change which would give the measured electric field changes. Models have ranged

fram a sinple point charge model involving four paraneters - location x, y, z, and agnitude, Q

- to recent work (Liu and Krehbiel, 1984) involving an advancing strearer model with seven

unknon parameters. By having more measurements than unknown parameters, the goodness of the fit

between data and model can be examined using chi-squared methods. The results of the streamer
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model indicate that the initial electric field change of the intracloud flashes was produced by

upward motion of negative charge in the cloud. The apparent height of initiation was between 7.3

and 8.3 In IVSL for three flashes in a umI I storm and 10 Ian for an energetic flash in a large

storm These altitudes correspond to envirownantal taperatures of -17 to -240C and - 380C,

respectively. After initiation the streamners progressed upward with a speed on the order of 105

n/s or greater. In al I cases the charge transfer at the beginning of the flash was vertical or

nearly vertical. These results pertain to the intial 15-30ns of the discharge; after that time

the development could not be determined with the models used. C rparisons with MVF radiation

analysis (Proctor, 1976, 1981) has led to the conclusion that lightning begin near the negative

charge region of a thunderstorm with negative streamer propagation.

Most of the discharges from studies discussed previously and from the Proctor studies were

horizontal ly oriented. Liu and Krehbiel attribute discrepancies to the fact that other

studies were from mature or dissipating storms, whereas the flashes from their study

occurred in growing cel Is. Krehbiel (1981) has also showv several extensive horizontal

discharges frm a dissipating storm system

Krehbiel et al (1984b) present a study of the initial fifteen flashes in a snrl I Florida

storm The electric field change models are compared with radar observations of precipitation

developnent and velocities in the storm and with locations of v.f sources determined by the KSC-

.LDR system Figure 1 shows a plot of the average height of the negative and positive charge

center iipole nodel) and VI- radiation sources for the fifteen flashes. The upper, positive

charge centers of the intracloud l ightning are located above 15-20 dBZ reflectivity in the top

of the cloud and increased in altitude as the storm grew vertically, at the same rate (8m/s)

in both cases. The negative charge centers remained at approximately constant elevation, at

terperatures between -10 and -150 C. Two cloud to ground (C) flashes rroved negative charge

frrn essential ly the sare altitude and volume of the storm as intracloud (IC) flashes before and

after them, though the Vif sources indicate that the (L discharges extended downward and the

IC f I ashes extended upward in the cloud.

- -• -..--



B. v-F Lightning Phenonenology.

In order to utilize the V-F radiation fram lighting in a location systen, one must know

both the temporal and spatial characteristics of that radiation. The terporal characteristics

are important because of differing phenoenology with time during a flash and because the terpo-

ral characteristics set the design parameters for the system The spatial characteristics are

important for two reasons. First, the sources must not disrupt the measurement of their loca-

tion. This could happen if there were numerous widely spaced sources radiating during a single

observation period (ie wsirmultaneous' sources) or if the source positions moved significantly

more than an angular resolution element during the observation interval. Second, the M-F

sources must be correlated with other lightning and thunderstorm phenomena in order to understand

and interpret the significance of their location. Published studies using the ground based

techniques of a hyperbolic system (Proctor, 1981,1983) and an interferametric system (Warwick

et al, 1979; Hlayenga and Warwick, 1981; I-Hyenga, 1984) provide observations from which we can

infer characteristics of the spatial structure of the M-F radiating sources, and the relation of

the sources to other lightning and thunderstorm phenomena.

These observations should not be considered ccmprehensive. Wch work remains to be done in

this area.

1. Tenporal Structure of M-F Radiation. In a study associated with this feasibility study,

Rhodes (1985) analyzed same properties of lightning radiation. We present his analysis of one

flash to show how 'A-F radiation evolves in time and how it is related to other lightning phenore-

na. Lightning was observed with microsecond resolution at four F frequencies; 34, 368, 1414,

2275 tz. Supplemental measurements were made of the electric field change and the optical

radiation. A video camera also captured pictures of the flashes.

The flash presented here is representative of the flashes studied. -bever, the nurter of

flashes studied was too snal I to make an adequate assessment of the range of variabi I ity of the

parameters discussed.

The flash occurred at 16 hours, 19 minutes, 23 seconds on Septerber 18, 1982, in an isolated

I"~4
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thunderstorm south of Socorro. Figure 2 shows two frames from the video recording of this

flash. The tint insertion unit was Incorrectly set ten seconds fast. The tlm to thunder

indicates that the ground channels were about 2 to 3 In from the observation van.

Figure 3 presents an overview of the flash. The received IF powers, optical signal, and

electric field measuremnts are plotted as a function of tint with millisecond resolution. The

various parts of the flash are label led. The flash begins with a prel iminary breakdom in the

cloud. This in mst easily seen in the F records although the 1414 and 2275 Mhz records don't

show much radiation; probably due to antenna directional ity. Closer exanination of the radiation

during the preliminary breakdown phase shows that it consists of pulses or groups of pulses of a

few microseconds separated by 10 to 100 microseconds. The bursts becam more dense with thm.

The prel iminary breakdown leads into the stepped leader as the inc loud streamer turns toward

ground. The apparent increase in F powr is due to the integration of Mnny short pulses, now

more numerous than in the preliminary breakdown. The stepped leader stops abruptly at the first

return stroke, indicated by the large anplitude electric field change, the cessation of F

radiation and the large optical signal. This first return stroke Is shown in Figure 2a.

The interstroke period shows mstly isolated bursts of IF radiation, lasting a few hundred

microseconds each. Same of these have associated optical pulses and electric field signals.

Such electric field signals have been naned K changes.

This flash is sarewhat different in that the second return stroke occurs in what was a

branch of the first return stroke channel, as show in Figure 2b. About 2 milliseconds after

this return stroke a return stroke occurs in the original channel, probably initiated by the

stroke in the branch.

D[ring the times around the return stroke the IF radiation consists of continuous radiation

lasting tens to hundreds of microseconds. This radiation is not due to the return strokes since

it usually initiates before the stroke. The radiation nay continue through the tine of the

stroke. Figure 4 shows data near the the of the second stroke with higher thm resolution.

Since this was a new channel to ground, stepped leader radiation can also be seen In the first

9
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part of this record.

The video recording showed that the third return stroke also occurred in the branch channel.

The expanded time plot for this return stroke in Figure 5 shows a combination of short irrpulsive

radiation (- a few pis) and quasi-continuous radiation (- 50 to a few hundred ps).

The last thirty mil liseconds of radiation from this flash (cf. figure 2) are fromi an incloud

streaner. The characteristics of this radiation are similar to stepped leader radiation.

These Socorro studies basically agree with French studies by Le Boulch et al (1984) and

South African studies by Proctor (1981).

Fron these studies it has been concluded that lightning IF radiation is of two fundamental

types. The first consists of inpulses lasting a microsecond or less which cam in groups lasting

on the order of 20-50 vs. Such groups are separated by intervals of the same order of nagnitude

in which last from a few mil I Iseconds to several tens of mi I I iseconds. The second type of

radiation Is of higher arplitude and consists of essentially continuous radiation for periods

fran tens of microseconds up to one millisecond and occurs in isolation during the flash.

Figure 6 shows measured pulse durations for the flash previously presented at four differ-

ent frequencies. The durations were determined from the time interval the detected signal was

above a specified threshold, indicated on the figure. The values, in dln are received power at

receiver input, neglecting antenna gain and source polarization and distance. Only the first

fifteen time bins contained data, naking a statistical analysis rather difficult. A scattering

of pulse duration from 50 to 400 microseconds was measured, indicative of the second type of

radiation. There is not a significant variation in pulse widths as a function either of frequency

or threshold level other than the clear Indication that lightning radiated strength declines at

shorter wavelengths.

2. VHf Spectrum of Lightning. Published reviews of measurements of the spectrum of "Vf

radiation from lightning are similar to that shown in Figure 7 fran (h (1969). The spectrum

fal Is off at 1/f or greater with increasing frequency. Usually the only attapt to accomdate

the temporal structure of the radiation is by normlization of the various receiver bandwidths

. .. ? . .
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Figure 3. Overview of flash 161923. The electric field change, optical
signal and detected outputs from four receivers are plotted. The 2275
MHz signal is inverted. The preliminary breakdown begins the flash,
leading into the stepped leader, shown by the dip in the electric field
and strong HF radiation. The large discontinuities in the electric field
are due to return strokes. (From Rhodes 1985.)
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Figure 4. Higher resolution plot of the time around the second
return stroke of flash 161923. Stepped leader radiation leading
to the return stroke can be seen in the 34 and 368 MHz channels.
The optical signal saturated at the return stroke. (From Rhodes,
1985.)
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Figure 5. Higher resolution plot of the time around the third return stroke of 161923.
Both the short, impulsive radiation and the longer continuous radiation can be seen.
(From Rhodes, 1985.)
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which are sufficiently narrow to integrate rmuch of the signal. In the spectrwn shwow in Figure 7

the points from Brook and KItagawa (1964) and Hewitt (1957) are the dominant points defining the

slope of the spectrum However, the levels used are not received powers but actual ly the minimun

detectable signal characteristics of their receivers. Because the spectruti of lightning at vi

is so poorly specified in the existing literature, we attapted a new set of measurements in the

experiment by fIodes (1985) quoted previously. Although attapts were mde at estirmting the

4 received powr spectrun of the various phases of the lightning flash, the results were of limited

value. Large uncertainties in the receiver calibrations and antenna gains together with a lack

of knowledge concerning source locations and polarization mde accurate estimtes of power

levels inpossible.

It is clear that there are sti I I no rel iable measurements of the power spectruof Iightning

at VF frequencies. These measurements are samwhat difficult and expensive to perform Hw-

ever, when design parameters are discussed in Section III, we will show that a functional system

could be designed without these measuraments. The fine-tuning of such parameters could be

accarplished during the testing of a prototype system

3. Locations and Movement of VHF Sources. It is inportant to have sane understanding of

the locations and mDvement of the sources of Vfi radiation from lightning for two reasons.

First, there rmy be characteristics of their locations which could be utilized to reduce the

caiplexity or increase the performnce of the location system If, for exarple, all the sources

fram the flash, or a recognizable portion of it, occurred at the same altitude, the need for

measuring elevation angles could be reduced. Second, the sources should not mve sufficiently

far or fast as to confuse the measurement of their position. In order to obtain an accurate

location determination we will need to average over a nuntrer of inpulses spaced in tin. This

incoherent average will increase the location accuracy as the square root of the nunber of

inpulses averaged, assuning all inpulses originate in nearly the sam place. If they don't,

the location accuracy wi I I not go up as the square root and rey even decl inc.

ViF radiating lightning sources have been located by three different techniques, all based

17



on time differences of arrival between spatial ly separated antennas. The hyperbol ic system uses

antennas separated by ki laeters. Equal time differences of arrival are situated on hyperbol ic

surfaces, the intersections of which provide the source location. By using antennas spaced

meters apart, the hyperbolic surfaces become cones (i.e., direction cosines), sinplifying the

canputational georetry. Each of these time-difference-of-arrival system requires recognizable

•aplitude structure in order to nuke a measurement. The interferametric method eliminates the

need for recognizable arplitude structures by measuring the phase difference between signals at

the spaced antennas.

Two hyperbolic systems have been used for 'HF lightning studies, the Lightning Detection and

Ranging (LDAR) system at KSC and a system bui It by Proctor in South Africa. The LWAR had

provided a few data points per flash in real time al lowing for an overview of mny flashes In a

storm whereas the South African system has been used to provide high detail of a few flashes.

V' Detailed analysis of the WAR data (Rustan, 1979) has been discredited (Krehbiel et al, 1984a).

Figure 8a shows WAR data fran an entire storm shewing height as a function of time. Indi-

vidual flashes cannot be resolved. The WR sources were produced primarily by intracloud

* discharges and tended to be biased toward the upper or positive end of the discharge. Most of

the sources were above 8 Ian (WL) altitude and below 12 bn (MSL) altitude. The upward sloping

radiation patterns were correlated with the occurence of intracloud lightning in individual,

growing convective cel Is. This can be seen in Figure 8b which is a plan view of the radiation

sources in during a ten minute interval. Three cel Is are evident.

Very few points shown in Figure Ba are fran channels to ground. This is in agreement with

the tenporal data presented in the last section in which the channel to ground radiated only

during a smil I portion of the overall VI F radiation.
-... %

-.'. A consistent feature which emerges frem the analysis of a few mre storms is the 8 ln (WL)

threshold for the DAR points. Cells did not produce lightning until significant radar echoes

extended to 8 Imn al titude in the cloud and the negative charge center for the lightning appear to

remain fixed at a constant altitude (about 7 IWu or -15 degrees C) as the cell grew (cf Figure

18



1). Although we can set a lwer threshold for the predominant 'AF radiation, a spread (in

elevation) of four to six ki loeters still exists.

In the previous section two types of vF radiation were noted. Proctor (1981), using a

hyperbolic systei and IHyenga and Warwick (1981), using an interferanetric systarN have deter-

mined propagation speeds for the two types.

The radiation from the short inpulsive radiation extends at about 105 rr/s. Figure 9

shows this drifting rmtion of numerous sources. The diameter of the drifting region is on the

order of 600 meters. Note the horizontal nmtion of the preliminary breakdown from 0-30 ms and

the downward mtion of the stepped leader at 30-44 ms.

The longer duration radiation has been labeled Q noise by Proctor and fast bursts by

Hayenga. During the few hundred microseconds of radiation these bursts travel at speeds of about

2.5x10 7 ns, two orders of nagnitude faster than the short inpulsive sources. Such a burst is

shown in Figure 10. Sane care must be exercised in determining the speed since it involves

differentiating noisy data. The point-to-point length of the path shown is 17 lim yielding a

speed of 6x10 7 m/s. Along the mooth drawn in path, representing the general motion, the

length is-6 Ion giving a speed of 2x10 7m/s, which we consider mre representative.

C. Sumary

The results from these studies which are relevant to the feasibility of an airborne system

can be suniarized as fol laws:

1. Lightning appears to begin with a negative streaner near the negatively-charged region

of the storm This region is around 00 -150C temperature. Its actual altitude appears to be

storm-dependent. During this phase M-F sources radiation cams in short pulses whose sources

mve at 105 mts.

2. Ground discharges appear to move downward fran this region. The mere canmn intracloud

discharges appear to move upward fram this region.

3. During many phases of stom lightning nay have extensive horizontal extent within the

cloud or storm system
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4. 'AF radiation also has bursts of hundreds of microseconds duration whose sources move at

speeds in excess of 107 nVs.

5. Most -VIF sources are at elevations >8 kI MSL with a spread of same 4 ki Iamters. It nust

be aTphasized that these results are still new and not yet comprehensive. It is not at all clear

what relation lightning activity at a given point in time may have with that 10 minutes later,

for exanple. It can be concluded that the negatively-charged region may remain intact. -owever,

the entire region encapassed by lightning may change dramatically over such an interval, in-

creasing (or even decreasing) by kilaneters in both horizontal and vertical extent. If it were

necessary to fly a craft within 2-5 Iln of an active lightning region it would be necessary to

monitor the activity on approach rather than rely on data which would becar quickly outdated.

Wile the results presented give some indication of where lightning is occurring within a

storm, there is no data to indicate where it wil I not occur. Neither is there enough data fram

these studies to develop statistics concerning the probability of a strike to a craft as function

of tarperature or possibly elevation. Studies by NAS using an F106B (eg. Fisher and Plumer,

1983) ay be nore helpful in this regard.

A very irrportant aspect which emerges from the phenamenological considerations is the need

to detect all discharges, not just the return strokes of ground discharges. Many storm show

long intervals with very active incloud flashes and very few ground strokes. N good correlation

exists between the location of ground strokes and incloud activity. Aside from the possible

errors in actual operation of the Storrmscope instrument presented by Parker and Kasemir (1982),

phenoaenological considerations indicate that the Stormscope would not adequately detect the

extent of lightning activity within the cloud and might have a low probability of detection for

san storrms.

The Storrnscope uses the vertical ly-polarized 50 kHz radiation from lightning. Such radia-

. tion cares prirari ly from return strokes. Any cloud radiation wuld not fol low the model used
%

for range detection which is based on return storkes. It is fortuitous that the errors in the

system lead to a larger than actually detected region of avoidance providing a conservative
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warning of severe weather as indicated by BaLtn and Seynour (1979). Aimre reliable systen should

detect the incloud hazard as it develops in the path of the craft. The survey of the VIF

phenamenology of lightning shows why it Is the preferred activity to detect.
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II1. Propagation Considerations

A. General Considerations

The RF signal from a lightning source can be treated as any other signal in terms of

propagation to the aircraft, with a few notable exceptions. Most of the fundawental work on

propagation at the frequencies of interest was performed mny years ago as reported by Kerr

(1951) and Reed and Russel I (1953). It is not the intention to rehash any of that work here, but

-rather to present aspects of it which are relevant to this study and refer the reader to those

texts for more detai Is.

A single propagation path consisting of a direct path and a ground reflection path between

the lightning source and the aircraft is assumed for this study. This path is shown in Figure

11. he distance between the source and the craft ranges from 10 to 150 IaT the aircraft altitude

varies fran 5000 ft to 30,000 ft above ground and the lightning source varies frn 2 to 10 lkn

above ground. A plane geometry (flat earth) is also suitable for this study although corrections

might be needed in a prototype phase to account for spherical geometry.

Appendix I shows the elevation angle of arrival for sources within the selected geanetry.

Plots were nmde for each aircraft altitude fran 5000 ft to 30,000 ft in 5000 ft increments. On

each plot the elevation angle of arrival for the direct and ground reflected waves is plotted as

a function of range from 10 to 150 on for lightning sources at 2, 4, 6, 8, and 10 km above

ground. The range of elevation angles plotted is + 200. These plots daeknstrate why the

reflected wave must be considered. At higher aircraft altitudes direct waves are received at the

same angles at which reflected waves are received when the plane is at lower altitude. The

possibly of having a directional antenna which is steered as a function of aircraft altitude was

not considered as it would unduly carplicate the system

Anruilous propagation such as ducting, troposcatter, diffraction, or nultiple reflections in

not considered. Any such propagation would cause an incorrect position determination and would

degrade the performince of the systam Most anarmlous propagation would affect the apparent

elevation of sources with the exception of multiple reflections (such as franrroutainsides)which

25



4-, t

t4 a)2

0n

0

4-

44)

0 4)
C P,

> 4) -4

Cc 4

a.) :9 x

E a

0-4-)
4-)

I~C

1- 1 C.) :

C-. 4) CC

26



would affect azimuth determination. This propagation is difficult to characterize with respect

to the general operation of this system and should be left for the prototype stage in order to

assess the Inpact on perfonmnce with actual data.

Using the assumed propagation path together with the phenonenological considerations of the

preceeding sections it Is possible to parameterize the operating frequency, required mininun

detection level and dynanic range required of the system The effects of the ground reflection

path can also be assessed. Most of this material can be found in standard references (Kerr,

1951; Reed and Russel, 1953; and Erst, 1984) with only a few significant differences.

The rnst inrportant difference to consider is that the reference texts general ly deal with (IN

signals, i.e. signals of duration long calpared to the time for propagation; whereas lightning

radiation Is very inpulsive. Instead of Interference lobe structures, the designer of this

systammust consider rultiple pulses from various regions of space with duration and duty cycle

such that they rmy or nay not be received sinultaneously at the aircraft.

Appendix II shows plots of the difference in path length between direct and reflected path

for the geSnetries of interest. Path difference and equivalent time of arrival difference are

plotted as a function of range for the sare parareters of aircraft elevation, range, and source

height used in the plots in Appendix I. A carparison of the time differences shon and the pulse

durations and intervals between pulses given in the previous section shows that the systenwill

receive a canbination of isolated pulses fram either the direct of reflected waves or simulta-

neous radiation from both sources with the direct wave radiation starting before the simultaneous

radiation and reflected wave continuing on afterward. Ay location systemust be able to handle

any of these situations in order to perform reliably.

B. SystenDesign Parareters

The three design parareters to consider in this section are operating frequency, receiver

sensitivity or mininun detectable signal (NIDS), and dynamic range of the system Since these

parameters will be Interdependent in this systenwe wil I consider then together.

The expected signal strength at the receiving antenna will al low a determination of the
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necessary sensitivity of the system Only the direct path will be considered initially. The

power received, RP, is given by

I = IR - PL,

where E] is the effective radiated power of the source and PL is the path loss, al I measured in

d.l Assuming the reference standard of an isotropic receiving antenna, the path loss is given as

(Erst, 1984)

PL = 92.45 + 20 log f + 20 log d,

where d is the path length in kilamters and f is the frequency in ol.

Over the path lengths of Interest, fram 10 kn to 150 Im the path loss varies by 23.5 d.

The data fram Rhodes (1985) indicate a variation in lightning signals of less than 40 dB. Ve can

conclude that a 60 B dynamic range should be adequate for the lightning system A60 dB dynanic

range is easily achieved with standard receiver design techniques.

The variation in path loss as a function of frequency is 20 dB fron 30 at to 300 -E. In

the absence of good spectral infornmtIon the choice of operating frequency in difficult to

specify, but a change of about 20 dB in expected ERP from 30 *Hz to 300 M-1z is reasonable. A

system at 30 *lz would need to be about 40 dB less sensitive than one at 300 NH-z. In a later

section, the need for a higher frequency of operation in order to reduce antenna array sizes is

stressed as a trade-off with the push toward lower frequencies to reduce requirenents on system

sensitivity. In a prototype system design, it is likely that neither factor will define the

operating frequency. Any system considered in this report will require a bandwidth of one

megahertz or greater, thus miking the systen susceptable to interference, from both transmitters

on the ground and from other system on the craft. Freeing the system fran interference would be

the strongest factor influencing the selection of operating frequency. It should be noted that

!ncreasing the frequency will require a lower KUS in order to receive lightning at the greater

distances, thus again increasing susceptabIlity to interference.
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As in the choice of operating frequency it is difficult to determine the required minimun

detectable signal (NMS) for this system without accurate information on the effective radiated

power fran I ighning. We can mike same estimate from the work of Rhodes (1985). His system at 34

Wk had an NID of -85 Onlwhile the systen at 368 N*t had an MDS of -100 On Both received

lightning signals out to at least 20 lam In order to receive lightning out to a direct line of

sight path of 150 lan would require an additonal 17.5 dB of sensitivity, or a - 102.5 Bn tS at

30 Ntt and -117.5 Oln NI[S at 300 MIr. Assuning a 1 NItz bandwidth, the 30 iz system could have

a noise fiSure up to 11.5 cB whereas a 300 tU systam would be unattainable without very cMIpli-

cated electronics. Fran these estimates, it can be concluded that the operating frequency may

need to be kept below 100 MIz to avoid systen caiplexities in achieving a reasonable KA to

receive lightning signals out to 150 kn Better definition of these parameters would have to be

done empirical ly during a prototype stage.

During the prototype phase the effect of ground reflections could also be assessed. Mile

there is considerable discussion of reflections in the literature (Reed and RusselI , 1953; Kerr,

1951), the effects fran the ground on an impulsive, rapidly moving source are not clear. Mhile

the losses on reflection may be sufficient to put the reflected signal below detectable levels,

there are reasons *by it ay be desireable to detect the ground reflection (of Section IIl-C).
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IV. Technological Considerations

A. General Considerations

In the previous two sections we have examined the nature of the V-f lightning signal as it

originates at the source and the effects of propagation to the aircraft. This section examines

the detection of that signal and the processing of the signal to provide information on its

location, The determination of location is discussed as two separate determinations, azimuth and

range. The azimuth determination covers both bearing and elevation above or below that of the

craft. Range determination covers finding the distance between the source and craft.

The discussion of location determinations is rnde from a system point of vim Paraveters

such as accuracy, angular coverage, etc. are discussed without reference to particular hardware

irrplementations. Effects such as errors fran hardware are rmre appropriate for a prototype

development phase.

B. Aziruth Determination

1. Expected Resolution. In general, direction finding (DF) system fit in two broad

categories. The first involves caparisons of signal mplitudes received with known antenna

patterns to determine the direction of arrival which mould produce those mplitudes. The

crossed loop direction finder (C][F) such as Storm.cope is a sinple exarple of such a system To

our knowledge no antenna pattern system have been used at 'A+ for lightning location, although

there are current exarples of such system at VHF being used In military applications. For

satisfactory operation a high degree of antenna pattern accuracy is required, along with predict-

able source polarizations. Carter (1957) has shown that this type of direction finding is not

feasible for aircraft inplenanation at iF, especially on propeller craft. Most reasons given

are also applicable at VHF and for those reasons and the lack of good polarization characteris-

tics of ViF lightning radiation, such system were not considered feasible.

The second broad category of OF systems involves the correlation of signals received at

spatially separated antennas. System correlating the arplitudes are usually termed Tine-

Difference-of-Arrival (Ok or 1RX) system. Those using a phase correlation are interfercmeters.

P
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Both Mk)' and interferametric system have been used for lightning location at MHF frequencies and

have been proposed for aircraft Implementation (Parker and Kasemir, 1982, Section V. A & B).

In their discussion, Parker and Kasenir present the expected bearing errors for the two systems,

although the exarple parameters are not nearly optinun

For a time of arrival system the angular error (A6) is related to the time resolution for a

given pulse (At) approximately by

A 60c At

where c is the speed of light and d is the baseline dimension (antenna separation). Note that

this is independent of operating frequency. The two ways to decrease angular errors are by

increasing d, which is difficult to do in an aircraft system, or to decrease At, that is

increase the time resolution. Time resolution can be increased by an increase in system band-

width. This will lead to increased interference from non-lightning noise. Moreover, the pulse

rise time will be the limiting factor In determining time resolution. The lightning signal must

contain short rise-time pulses of sufficient energy to be received up to 150 Ion away by a system

with sufficient bandwidth to not reduce that rise-tim. It is not clear that such pulses occur

within lightning radiation with any regularity. The severity of required pulse shape and the

susceptibility to interference are sufficient to limit the feasibi I ity of TAk systerm for azimiuth

determinat ion.

The accuracy of angle determination in an interferrmttric system depends in four parareters

of the system; operating wavelength, X; basel ine, d; system bandwidth, B; and the integration or

averaging time interval,T, assusning a signal is present during the entire averaging

period. The expected phase measurement error, in degrees, is

A~o 9 0 A 1

as derived by l-ayenga (1979). Angular errors are of the swne order, but are dependent on actual

direction of arrival as shown by Jacobs and Ralston (1981).
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The four parameters for determining the accuracy of angular measuremnt for an interferone-

tric system are not only interrelated but also are related to many other aspects of system

design, such as angular coverage, system carplexity and systen size. Mich flexibility exists in

the definition of a system by trading-off various aspects of the system Before Indicating

choices for any particular system we will spel I out the various trade-offs possible with these

parameters.

In the previous sections, we presented phenmenological and propagational reasons for using

a lower frequency of operation for a location system For an inteferamwtric systen, longer X re-

quires that the baseline, d also be increased in order to maintain the sane accuracy and requires

that antenna size increase to maintain system sensitivity. Both inpact the size of the systen

require a trade-off with aircraft size.

For a system receiving a hemisphere with a baseline longer than X/2, the phase rmasursnunt

will be aiTiguous, since phase is only measured modulo 2. Jacobs and Ralston (1961) discuss

methods for resolving this arbiguity by adding antennas. Aibiguity resolution roughly double the

complexity of a systar so initially we will consider only a systemwith A/2 baseline length. At

30 0-, this would mean a baseline of 5 meters, reasonable for placenent on most aircraft wings.

Below 30 Ni, aircraft interactions becae inportant (Carter, 1957).

With the limitation to a \/2 baseline, the error equation now is dependant on the inverse

square root of the product of B andT. Precision is increased by maximizing the BT product.

Hayenga (1979) and Richard and Auffray (1985) have shon that B must be no more that one tenth

the operating frequency to maintain signal coherency, and ideal ly should be less. In the VHF

band, B would range fron 3 Mz at 30 Mz to 30 Mz at 300 Mz. However, it is certain that for a

system to operate in the general environment throughout which an aircraft would fly interfer-

ence frem non-lightning sources will limit B much further. It Is more feasible to consider I mz

as a maxirvun rel iable bandwidth. Qoice of bandwidth and operating frequency will have to be

chosen careful ly during prototype developnent to avoid interference.

With the assured I Mz bandwidth and A/2 basel ine the error equation is dependent only on-.
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Representative values of Ae for various values of Tare:

T Ae
1 us 210 -

10 ps 6.50
100 Ws 2.10

1 rm .650

At 150 In (worst case) range, the 2.10 resolution obtained with a l0os averaging interval

corresponds to a region 5.5 km across. Phenomenological considerations have been presented

earlier showing the need to monitor regions of activity as the craft approaches to note any

evolution in the lightning producing regions. By the time the craft is within 50 Iwn of the

lightning activity the 2.10 resolution now corresponds to a region less than 2 Ion across. This

is less than a tolerable distance for avoidance of lightning within clouds. It is safe to

conclude then that a reliable 20 resolution in azimuth is sufficient for the operation of this

system and would be attainable with a 100 s averaging tin. However, the error equation is only

valid if all sources occurring within an averaging interval,Tr, arrive fron the sane angle+e.

Multiple (stnultaneous) sources or rapidly-nmving sources will invalidate the equation, In

research Implaientations j", has been kept very short (-1-2 11s) in order to avoid these prob-

lam. Since an airborne system does not need such high time resolution, we can use other methods

to deal with potential problems frcmmultiple or nving sources.

The short, irrpulsive radiation whose sources move atv--10 5 m/s will not present a mjor

problem The speed represents only a movement of 10 meters in 100 microseconds, with the spread

of sources around this motion an order of rmgnitude larger. A average of these points will

locate the proper region of space. Since the duty cycle during these periods of radiation is

about 2% (1-yenga and Warwick, 1981), the actual Interval of averaging would be on the order of

500 microseconds. The occurence of the pulses could be determined with an arplitude threshold

criteria, but this would not be necessary as the phase measurements of the noise are random and

would cancel in the average.

The fast-moving (-107 m/s) sources of radiation would cover 1 Ian in the 100 microsecond
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averaging time. A single data point at the average position would represent this mtion and

might be misleading for nearby sources. The 1 Irn source extent would cover more than the

* assumed 20 resolution for sources closer than 28 Im away.

Multiple sources would occur for two reasons. First, there is the possibility of radiation

* occurring in different parts of the sky during the 100 microsecond averaging tint (or 500 micro-

seconds if the duty cycle is considered). Second, the ground wave and direct wave sources wi Il

carbine to form three distinct sources; the direct wave alone, the ground wave alone, and the

superposition of the two sources. With a sinple interferamiter, it is not possible to determine

fron a phase measurament the multiple sources giving that phase masurement. -wever, it is

possible to determine the phase measuremnt which will result from a given distribution of

sources. The detai Is are presented in the Appendix to layenga and Warwick (1981). It is shown

that for two sources of smal I separation ((100), the result of these sources Is a single source

location between the two. If we al low stal I deviations in source position but reject large

deviations, the correct region of lightning occurence can be identified.

It appears feasible to overcom potential problem frnmoving or multiple sources in the

fol lowing manner. Tests run on a TM 320 evaluation board and experience with the now generation

ground-based interferamter (Hayenga, 1983) have shown that it is possible to process interfero-

-eter (Hayenga, 1983) have show that It is possible to process interferaneter data in a pipe-

lined fashion in less than 5 microseconds per location. Assume we process every 10 microseconds

of data. The expected error is 6.50 per data point. If we store sane 50 data points (ie 500

-_ microseconds of data) we can perform a Randon Sample Consensus (R*6AC) as described by Fischler

and Bol les (1981) to determine the subset of those data points which came frm the same region of

space. The algoritthm el iminates data points far away frem an average of the data. Most averag-

ing techniques rely on the assulaption (smoothing assumption) that the rmxinun expected deviation

of any datmn fran an assumed model is a direct function of the size of the data set and that

there wil I always be enough good data to smooth out gross deviations. As this may not hold for

moving or nultiple sources, the R*6&C algorithm is well suited to this application. The algo-
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rithm has three unspecified parameters; the error tolerance used to determine wether or not a

point should be accepted, the number of subsets which must be tried, and the threshold value for

the number of compatible point necessary to irrply that the solution is valid. We can set the

first at 100 as determined frm the expected error for a 10 microsecond average. The third

parameter should be greater than 10 to ensure that the equivalent 100 microsecond average is

obtained. The second parameter would have to be determined at prototype stage by the available

processing power and actual prototype tests on data to indicate performunce.

In sumnary, a single, half wavelength interferometer system should provide angular resolu-

tion of 20 with a time resolution of about one half mil lisecond. For a typical flash of one half

second we would have one thousand data points. From consideration of the duty cycle for radia-

tion given by -ayenga and Warwick (1981) and Rhoded (1985) we expect some 20 to 100 to pass the

consensus algorithin as val id data to be passed on for display.

2. Gonfiguration and Angular Coverage. Possible interferareter configurations and the

resultant angular coverage are very difficult to specify in any general fashion. Al Iowable

antenna type and location points will vary considerably from one aircraft to another. The site

errors and potential shadowing fran the craft will then also be craft-dependent. A horizontal

baseline for azimuthal coverage is easier to find on a craft than is a vertical baseline for

elevation coverage. For the sake of this feasibility study we present the sinplest configura-

tion, discuss the coverage and errors that result and suggest additions which could enhance

per formance.

We assume a source can arrive from any azimuth but wi I I be limited to about + 200 in

elevation during norrrul operation as shown in Appendix I. The sirmplest configuration would be

- tw antennas separated by one-half wavelength located on the leading edge of the wings of the

craft, thus limiting the patterns to the forward direction (Johnson and Jasik, 1984, chapter 37).

This configuration would not be capable of elevation angle determination.

* Figure 12 shows lines of constant phase measurement for the forwad 1800 in azifmuth and + 200

in elevat!on. The measured phase equals the product of the sine of the azirmuth angle and the
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cosine of the elevation angle (-yenga and WarwIck, 1981). Sources not at 00 azimuth with

respect to the aircraft would lead to an error in azimuth determination, For exaMple, consider a

source at --600 azimuth at 60 krn range, 8 lwn above ground received by a craft at 15000 ft. Fran

Appendix I, the direct wave would arrive at +40 el and the ground wave at -120 el. Figure shows

the sources and the possible source azimuth determinations wuich would be made from each wave and

the the cambined wave. The direct wave would be located at 57.60, the ground wave at 57.90, and

carbined wave at 5&70. The errors due to geaetry In this example are only slightly larger than

the expected systen errors. At azimuth angles less than + 600 the errors decrease. For the same

configuration except on azimuth of 800 the sources are fixed at 700, 740 , 76.50; and the errors

are now significanti

It should be noted from Figures 12 and 13 that the largest geaetry errors occur at large

azimuth and elevation angles. In other words errors increase outward fran the flight path. The

larger errors at the edges of the geaoetry would not be as critical as if they had occurred near

the f igtht path

In sumury, a single horizontal base line should be capable of providing azimuth angles

within the 20 expected error of the systan over + 60" in azimuth fram the flight pat Th is
4.

anticipates that potential site errors can be reduced to the same level during prototype develop-

ment. Consideration of a crossed baseline (i.e., vertical) for elevation determination can be

done from the previous discussion by rotating the diagrams by 900.

C. Range Determination.

In their survey, Parker and Kasemir (1980) suggest that two interferaneters placed at the

wingtips of an aircraft might be used to determine range by triangulation. If r is the spacing

of the two systems, to first order the angular resolution needed to triangulate at range R is

given by the angle that r subtends at range . In degrees the angular resolution, , for

triangulation is approximately

A = 5.73 r
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It Is easy to show that triangulation is not feasible. If we assume a moderate-sized craft with

r = 30 meters, the 20 angular resolution quoted in the previous azimuth determination section

would allow ranging to 1 lam To range to 150 ran would require an angular resolution of .010.

This is clearly not feasible by any method known to the author.

In the phenrenology section we presented results fran studies of radar returns from light-

ning By scaling the antenna size from those studies down to size suitable from aircraft and

than scal ing up the required transmitted power to accamwdate the reduction in antenna gain and

keeping all other factors constant, a radar of 1-10 megawatts pulse power would be required to

see lightning channels out to 150 Im W can conclude that radar is not feasible for ranging on

lightning.

Amethod for range determination using the IT radiation fron lightning which might be feasi-

ble uses the path length difference in propagation of the direct and reflected waves from the

source. This path difference appears at the aircraft as a time difference between the direct and

reflected waves which would be Identical signals except for changes upon reflection of the

reflected wave. Studies presented by Reed and Russell (1953) showed little change in pulse

shapes between direct and reflected signals. Markson (personal camunication, 1985) is studying

the effects of reflection on lightning signals.

Appendix II shows plots of the path difference and time delay between the waves for the

systen geometry. The difference is a function of source height, source range, and aircraft

altitude. Since the aircraft altitude is knoM, range determination involves measurement of the

time delay and source height or elevation angle seen at the craft.

Measurement of the time delay is very straightforward. The impulsive lightning signal above

would not have a strong autocorrelation over the one to forty microseconds of the the delay times

given. If we perform an auto-correlation on the received signal which consists of the direct and

ground reflected signals, we can expect the strongest autocorrelation peak to occur at the path

delay. In effect, the direct and ground-reflected signals are being cross-correlated. The

imp emntation of the autocorrelatlon could be done with analog, digital, or hybrid technology in
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the prototype stage. As this is a rapidly advancing technology, It would be prermture to suggest

a technology. Fram the plots we conclude that a resolution of about 200 ns in the first 10

microseconds and 1 microsecond fran 10 to 40 microseconds would be sufficient for the correlator.

' 4 This range determination method critical ly depends on the height of the source. For exanple

consider a measured delay of 2 microseconds when the aircraft is at 15,000 ft. At the extremes,

this could be due to a source 2 Iwn above ground at 30 In or a source 10 Irn above ground at 150 Ion

as shown in Figure A-11-3. Using terrain Informtion and the phenaienological consideration that

-F lightning sources occur mostly from 8-12 WIn MSL we might reduce the height spread to four

ki lometers, say 4-8 kn above ground. The possible range to the source is now fram 60 to 120 Im

Figure I-A-3 shows very little change in elevation angle of arrival for sources fram 4 to 8 km

above ground in the range from 60 to 120 kIrn It does not appear feasible to determine range at

long distances by this method since there is no accurate estimate of the elevation angle of

arrival.

At closer range, where accurate range is more inportant, the situation is much better. As

the plots in Appendix I demonstrate the elevation angles of arrival for various sources heights

spread out at shorter ranges. This al lows a better estimte of source height for a given

angular resolution of the elevation angle of arrival. As noted in the previous section, a sourc

wi I I usual ly appear at three elevations, fran the direct, reflected, and caobined waves. These

estimates of source height together with the time delay would be sufficient to devlop an esti-

mate of the source range. For exanple, consider a measured time delay of 9 microseconds with the

aircraft at 15,000 ft. Source heights and range vary fram a 4 Irn high source at 15 Irn range to a

10 in high soruce at 30 kin range (Appendix II Figures). The 10 kin high source direct wave would

arrive at + 110 elevation whereas the 4 WIn high direct wave would arrive a -30 elevation, a

difference easi ly measured (Appendix I Figures).

The above exmples illustrate that the ground reflection technique is feasible for close

ranges (<-60 In) but not very accurate at longer ranges. If the technique is inplamented in a

prototype design a cwplete error analysis would be necessary.
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It Is inpilicit that this technique requires the measurement of elevation angles of arrival

using a vertical ly oriented Interferameter baseline. Vk would recmmend this for a prototype

stage. ikwever, research on the location of WF sources fran lightning indicate that al I flashes

may originate near the negative charge layer which has also been tied to the environmental

tarperature. If these indications can be verified by further basic research, it would be feasi-

ble to make a range determination using only the initial few milliseconds of a flash and an

assumed height. ibis could eliminate the need for the vertical baseline and its attendant

doubling of systen caplexity.

In sunary, the ground reflection technique for range determination fal Is off In accuracy at

increasing range. The technique is untested in that no actual data of lightning radiation

received at an aircraft with reflected and direct waves exists. Tests should be performed on the

effect of reflection on lightning signals in the lower Vf range and the correlation with the

direct wave as a first step In prototype developnent.

41

V %"***



V. Conclusions

The feasibility of an airborne lightning location system using the VIF radiation frm light-

ning has been examined in this report In three areas. Fran the phenanmnological standpoint we

have shown that our current understanding of the VF radiation from lightning is still very

limited but appears prmising for a detection system W have shon that there is little estab-

l ished connection between lightning location and other potential weather hazards frm thunder-

storm; such as turbulence or hail. Further basic research on thunderstorms must be performed

before we can use lightning location as an indicator for other hazards. The phenamenical con-

siderations of source size, novement and variability in extent fran flash to

- -flash are basic limitations to any system NW now infonrmation can be gained

"4/, by a more technical ly advanced system

There are significant potential problems which must be considered as the lightning signal

propagates to the aircraft. The system must be considered as a carplete link including source

characteristics, propagation, and receiver design. Again, the lack of basic research on VWF

lightning characteristics limits the infornmtion available for system design saivthat, requiring

sae wpirical work at a prototype stage.

From the technical standpoint we have shown that an Interferametric syste operating in the

30-100 ft~ range with 1 Wtz bandwidth is feasible for locating lightning in the range from 10 to

150 kim Angular coverage of +60 0 with 20 resolution appears feasible with a single baseline of

one half wavelength. A second baseline would resolve elevation if desired. Range determination

by ground reflection is feasible with resolution -5 ikn for ranges less than -60 ln but degrades

severely at longer ranges. The technical considerations are tied to our current phencmnological

understanding. It should be stressed that current constraints are not technical, but phenemeno-

logical.

Hardware specific problams were not addressed. These include antenna type and size and

possible siting errors on the craft. It Is assuried that these can be specified sufficiently well

in a prototype to not degrade the given performnce expectations. Tolerances of camlpents in
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the Interferameter were not addressed. Fran our experience with the construction of a ground

station these will not be a problan in the airborne system
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Vi. Recaonndations.

Two recanmendations emerge readily fran this study. First, the study was limited by our

current understanding of the VIF radiation fran lightning. Although significant advances have

been nde, more remains to be done, especial ly in areas of relating the sources of this radia-

tion to the thunderstorm environment. Not only would such continued research help further define

the possibilities of an airborne systen, such research would also aid in the testing of an

airborne system ft anticipate difficulty in testing a systam which detects a still sanewhat

unkno i phenamena in the sense of sorting out technical problem fran phenawnological varia-

tions.

The second reconmendation concerns the construction of the prototype unit. We do not

consider theoretical considerations sufficient to determine fully the feasibility of an airborne

system We have attarpted to address these aspects which affect operation of this syste, but

can obviously nuke no claim about having seen every possible problem The construction and

testing of a prototype system could more accurately address a naber of areas which were only

addressed as possible problem or areas needing more work.

Specifically, we recamwend a prototype crossed baseline interferometer systanwith one half

wavelength baselines operating in the region from 30-100 Wk which has tolerable interference

levels. This would al low assessment of azimuth and elevation determinations.

Ve suggest a bandvidth of 1 Plz with integration by the methods discussed of half milIi-

second intervals. ft also recamwend studies on the ground reflected waves from lightning as seen

frm an airborne receiver as first test of the ranging method described. As a second step a

correlating receiver would be integrated with the interferaneter with appropriate pro-cessing to

determine range from elevation and time delay informatlon. We also stress the need to study

careful ly the means by which the performnce of such a prototype system would be evaluated.
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Appendix I

Elevation Angles in SystanGntry

This appendix contains six plots of the angle of arrival in elevation of sources within the

systen geanetry. The software used to generate the plots is also listed. For the systen geam-

try we assumd the distance to the lightning source would range fran 10 km to 150 Im Source

heights were assumed to range fron 2 Iln to 10 kan above ground with the plots showing source

heights in two kilamter lncramnts. Each plot is for a fixed aircraft altitude ranging from

5000 ft above ground to 30,000 ft in 5000 ft increrents.

A flat-earth gernetry was assumed for this study and the direct and specularly reflected

waves are shai. In actual design a spherical earth must be used. These plots also have no

corrections for refraction or anarmlous propagation. Such factors must also be treated can-

pletely in actual systen design. The effects would not significantly affect conclusions derived

fran these figures.
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10 1 PROGRAM BOUNCE
20 ITHIS PROGRAM CALCULATES THE ANGLES OF ARRIVAL OF THE
30 DIRECT AND REFLECTED WAVES FROM AN ELEVATED RADIO SOURCE
40 TO AN AIRBORNE RECEIVER.
so0 VERSION 1.02.C. Rhodes..
60 GEOPHYSICAL RESEARCH CENTER..
70
so OPTION BASE 1
90 DEG
100 PLOTTER IS 3,"INTERNAL"
i10 GRAPHICS ON

120 GCLEAR
130 PRINTER IS CRT
140 PRINT CHRS(12)
1SO
160
1270 THE FOLLOWING LINES OF CODE
180 GENERATE AND PLOT THE ANGLES OF
190 ARRIVAL FROM THE SOURCE OF THE
200 DIRECT AND GROUND-REFLECTED WAVES.
210
220 Again:
230 GCLEAR
2m40 INPUT "ENTER AIRCRAFT ALTITUDE IN FEET" ,Alt
250 H12=Alt*.304B
280 VIEWPORT 10,100,10,90
270 Res$-"LOW"
220 INPUT "ENTER Y AXES RESOLUTION DEF-LOW".Res$
290 IF Res$"'LOW" THEN
300 WINDOW 0,1 .S5E+S.-91 .91
310 AXES 15000,10.0.0
320 GOSUB Low
230 ELSE
3,40 WINDOW 0l5ES-051.
350 AXES 15000,1 .0,0
360 GOSUB High
3710 END IF
380 LINE TYPE I

%390 FOR Y-2 TO 10 STEP 2
400 FOR X=10 TO 150
410 D-X*1000
420 HI-Y*l000
430 Theta--(ATN((H.7-HI )ID))
440 MOVE 0,0
450 PLOT D Theta, 1
460 LORG S
4 ~3 CcIZE 4
4E0 IF (X MOD 75)=0 THEN LABEL Y
490 NEYAT X
Soo NEXTv

520 LINE TYPE 1
530 FOR Y-2 To 10 F

T Ep 2
5412 FOR X-!O TO 150
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550 H1-Y*1000
560 D-X.1000
570 Phi-ATN((H2+H1 )/D)
580 PLOT O,-(Phi),l
590 LOR6 5
666 CsIZE 4

610 IF (X MOD 70)=0 THEN LABEL Y
620 NEXT X

630 PENUP
640 NEXT Y

650
660 GOSUB X_axeS
670 INPUT "ANY FURTHER PLOTS?",Answer$
686 IF UPC$(Answer$)-"Y" THEN Again

690 STOP
700 Low: I
710

720
730 VIEWPORT 0,126,10,90

740 WINDOW 0.120,-91,91
750 FOR I-9 TO 9
760 MOVE 7,1*1 0

770 LOR6 5

780 CSIZE 2.5.1
790 LABEL 1*10
800 NEXT I
810 MOVE 4,0
820 CSIZE 4
830 LOIR 90
840 LABEL "ANGEL OF ARRIVAL (DEG,"
950 LOIR 0
860 VIEWPORT 10.100,10. 90

670 WINDOW 0,l.5SE+5.-91,91

880 RETURN

890 High:
900
910 1

920 VIEWPORT 0.120,10,90
930 WINDOW 0,120.-10.5,l0.5

940 FOR 1=-10 TO 10
950 MOVE 7,1

960 CSIZE 2.5,1
970 LORG 5

986 LABEL I
990 NEXT I
1000 CSIZE 4
1010 LDIR 90
1020 MOVE 2,0

1030 LABEL "ANGLE OF ARRIVAL (DEG)"
1040 LOIR 0

1050 VIEWPORT 10,100,10,90
1060 WINDOW 0,1.S5E+5,-10.S,10.5
1070 RErURN

1080 X-axes: I
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inle VIEWPORT 0,120,100
1120 WINDOW 0.120.0,100
1130 MOVE 111.50
1140 CSIZE 3.0
li5~ LABEL "RANGE (Km)"
1160 VIEWPORT 1,1.0o,10
1170 LJINDOW O,I.55E+5,0,100
1190 FOR X-10 TO 150
1190 !=X*1000
1200 IF (X MOD 30)=@ THEN

1210 MOVE 1,48
1,220 LABEL X
1230 END IF
1240 NEXT X
1250 VIEWPORT 0,120,100
1260 WINDOW 0.120.,100
1270 MOVE 80.80
1280 LABEL -DIRECT WAVE'
1290 MOVE 80,10
1300 LABEL 'REFELOTED WAVE"
1310 MOVE 70,90
!320 CSIZE 4.5
1330 LABEL "AIRCRAFT ALTITUDE-";Alt;"Ft"
1340 RETURN
1350 END
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Appendix II

Path Differences In System Genetry

This appendix contains twelve plots shown as six figures presenting the path length differ-

ence or time delay for reception of a signal In the systen geoletry propagating directly and

propagating by mans of a single, specular reflection. The software used to generate the plots

is also listed. The systen genetry and asssaiptions are Identical to those given in Appendix I.

The lower plot in each figure is a plot of the shorter differences (longer range sources) expand-

ed for clarity.
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10 PROGRAM PATH_Oi

20 THIS PROGPAM CALCULATES THE DIFFERENCE INPATH LENGTH
30 BETWEEN A DIRECT WAVE AND REFLECTED WAVE, OR THE
40 PATH DIFFERENCE EETWEEN INCOMING WAVES TO AN AiRBORNE RECEIVER.
SO ','ERS ION I.0'. C.Rhode5..

70 OPTION BASE
.z -DIM Path dif(S,30,
Z,3 PLOTTER IS 3,"INTERNAL"

i0o GRAFHICS ON
' GCLEAR

1-0 , THE FOLLOWING LINES OF CODE ARE JSED
'32 TO ENTER THE VARIOUS PARAMETERS FOR

ICALCULATING THE PATH DIFFERENCE

52 BETWEEN THE DIRECT AND REFLECTED WAVE.
!SO T-E FLAT EARTH AFFROXIMATION IS USED.

16-1 1;3 1n: 1

I S9 OCLEAR
230 INPUT 'ENTER THE RECEIVER ALTITUDE IN FEET",Rcvr_alt
zio Rcvr_alt=Rcvralt*.3048'M/Ft

, ' 0 Y2=Rcvralt
FOR =2 TO 10 STEP 2<M

FOF ;,=;O TO !SO STEP SKMlO 35 I Z /
..- So J=XiS-l

_, . xi'=X* 10 0

290 R1=SQR; 2-YI )2+X1*Xl
R2=SQR(lY2+YI )"2+X1*Xl)
Pat h_di f( I ,J )=R2-RI

NEXT

r4EY.T
72 Ma _jif=0

3523 FOR I=1 TO S
FOR J=I TO 29

.Ma-_ dif=MAX(ABS(Path_ dif( I,J ),M ._dif
7. 3 :EVT

L90 3E, T I

.1< THE FOLLOWING LINES OF CODE SCALE AND

422 FLOT THE RESULTING PATH DIFFERENCES
4- 'EPJEUS RANGE FOR THE VARIOUS SOURCE

440t ALTITUDES

4:O FRITER CF T
eO 0 RINT "MA) PATH DIFFERENCE= ";Maxcdlf

-. INPUT "ENTER YS_%ALE FACTOR" ,Y_cale
FRI N T CmR$( 12

Soo LINE TYPE1 i v I Ew~iF, FT I ,10 :0 
9 5

K_0 -::zalel= _-5:ale+t .OSoy cs.-ale
WINOOW 0,.SSE+S-,Of. alel
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S40 I
550 INPUT "THE _vE.: TICV RESIOIJ-ITION' ,Tic~s
560 AXES 15000,Ticds,@,J0
S70 Micro-re5-(Y~_21'3E9' O-
590 Micro-r-esl=(T _ -.ca~el '30E~e1 I .OE-6)
590 WINDOW 0,!.5EE+S,0.Micr-res1
600 AXES 0,.1*Micro_re5,1.SSE4S,0,
510 WINDOW 0,1.EEE+S,0,Y_5C3ald
6210 FOP I=1 TO 5

630 FOP J=1 TO 29
c,40 LINE T'YPE 1+4

Eso PLOT ,j+ 1 *5* 1000 Paithdi f 'I J
660 NEXT J
670 MOVE 0 .0
680 NEXT I
690
700 LABEL THE X-AXES IN Km
710
720 LORIS IS
730 LOIR 0
740 OSIZE 3.S
7S0 LINE TYPE
'760 VIEWPORT 12.1,0,0,100
770 WINDOW OA1.SSE+S,0,100
780 FOP 1=0 TO 10
'190 X.,=I.'5000

8110 MOVE X~,
?20 LABEL USING "DDO";Xxx
E30 NEXT I
:40 BEEF'
e50 VIEWPOPT 0,120,0,100
Ho0 WINDOW 0,1720,10,100

*870 MOVE 60,3
360 LABEL "RANGE FROM SOURCE (n

?90

900 ILABEL THE Y-AXE-: IN Vm
910
9210 VIEWPOPT 0,!2,3,10,9S
930 WINDOW 0,12-0 0 1 _scale1
940 FOP 1=1 TO INT' Y _ cale'Ticll51
950 Y/=*TicI 3

960 /.= * 1 i ,10

9?0 LABEL Yy,,

990 NEXT I
1000 LOIR PI/2
!010 VIEWPORT 0,1Zo0,i,00
1:10 WINDOW 0,120,0.100
030 MOIVE 2.0 S0
1040 LABE "PATH JDIFFERENCE Jlr)"

i 105 1
1060 LABEL SECOND -tAXES IN MICPD--ECOND
1070
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i olo -,IEWPORT 010.10,3S

1090 wINDOW 0,120,0,Microrest
1 100 LOIP 0
1 110 FOR !=! TO 10

!!-o .j~j,,1jMiCrore5 )

MOVE 12 Y

flio CSIZE 3-.0,.6
I - 1LABEL USING "D.O";'"Y

1!20 NEXT I
1190 WINDOW 0,120,0,100

200 LORGC 5
!:!o MOVE 1 19,SO
12@ LDIP 1/

120 CSIZE3.,

1:4C L,)GEL "TIME DIFFERENCE (uSEC)"
1-150 1
1250 GENERATE GRA~PH LEGEND
!--70
I-so LINE TYPE

LDIPO
I 00 YIEWPORT SO,90,60,90
1--o FRAME
!--23 CEIZE 7-0
,--.o VIEWPOPT 0,120,0,100

!740 WINDO~W 0,120.0,130
1 350t MOVE -0,EE
1360 LORG 5

0 LABEL -SCV'PCE HEIGHT KM"1

M. E 5 3,
Z ..- I:E 4.S

10 L-,BEL "2 Z =

.170 LA2EEL 61r'
'40 LAEEL 6 V'

'.0 FOR T>1 TO S
_0 "?MOVE E5 , 61- 1 1 4

- LINE TYPE 1+4
:Op :=SC Tfl 09

'50 1") ~ 0 ZT

FEtuP

I 1;4L

I 550 '.'W -;L.7 A'3FPH

S % WINDOW 0,!2,,0
MOVE 60,95

1610 -JNE T~rE I
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1620 LDIR 0
1630 CSIZE 4.0
1640 LABEL 'AIRCRAFT ALTITUDE= ";Pcvr_alt;"m
1650
!660 THE FOLLO-WING LINES OF CODE DEFINE THE
1670 PLOTTING DEVICE. IN GENERAL THIS WILL
1680 BE THE THINt<JET PRINTER AT HF-1B
1690 ADDRESS AT 706
1700
1710 DUMP DEVICE IS 706 ,EXPANDEO
1720 PRINTEP IS 706
1730 INPUT "GENERATE A HARD COPf PLOT?' ,Anser$
1740 IF UPC$(Answer5:='Y" THEN
1750 FOP I~l TO 9
!760 PRINT
1770 NEXT I
1780 DUMP GRAPHICS
1790 PRINT CHP$(12)
1800 END IF
1910 PRINTER IS CRT
1820 BEEP
1830 INPUT "ANY FURTHER ALTITUDES?" ,Answer$
1840 IF UPC$(Answer'$)="Y" THEN GOTO Again
1950 STOP
1860 END
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